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Entangling macroscopic quantum states
John C. Howell and John A. Yeazell
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802
共Received 6 December 1999; published 8 June 2000兲
Spatial entanglements of macroscopic quantum systems are proposed. The which-path uncertainty of a
single photon passing through a beam splitter is transformed into the which-path uncertainty of two macroscopic fields via two quantum nondemolition measurements. The macroscopic fields are nonlocally correlated.
PACS number共s兲: 03.65.Bz, 42.50.Dv, 03.67.Hk

I. INTRODUCTION

The interest in entangling microscopic quantum states to
macroscopic quantum states goes back to the Schrödinger cat
paradox 关1兴. In the Schrödinger cat paradox, a microscopic
radioactive decay of an atom is entangled with the life of a
cat. This study plays a fundamental role in the understanding
of the relationship between quantum mechanics and classical
mechanics. The ‘‘indeterminacy’’ of the microscopic is
transformed into a macroscopic uncertainty. Schrödingercat-type states 关2–5兴 have been realized in quantized cavity
fields 关6兴, ion traps 关7兴, and Rydberg atoms 关8兴.
The purpose of this paper is not only to present a method
for creating Schrödinger-cat-type states but show how to entangle many Schrödinger-cat-type states 关9兴. Macroscopic
light fields will be spatially entangled via the which-path
uncertainty of a single photon passing through a beam splitter. Nonlocal entanglements of macroscopic light fields are
of great fundamental interest. In addition, they could be useful in testing local realistic theories 关10–20兴, teleportation
关21兴, quantum cryptography 关20,22兴, and quantum information processing 关23,24兴. A significant advantage of manyphoton fields is that they are easier to detect. Hence, entangling such fields significantly reduces the detection demands.
For example, entangled macroscopic fields may close the
inefficient detection loophole of Bell’s inequalities 关25兴.
Also, macroscopic light fields offer the possibility of reduced
error rates in quantum communication schemes.
Penrose framed the Schrödinger-cat problem in a way that
fits more closely with the ideas of this paper 关26兴. He considered a photon passing through a 50-50 beam splitter. In
one of the output paths of the beam splitter there was a
single-photon sensitive gun directed at a cat. If the photon
traveled down that path, it triggered the gun and shot the cat.
However, if the photon traveled down the other path, the gun
was not triggered and the cat lived. Now, suppose a cat and
single-photon sensitive gun are in each path. The which-path
uncertainty of the single photon is transformed into the life
entanglement of the two cats as shown in Fig. 1. If one
measures the state of one cat, then the state of the other cat is
known with certainty ‘‘instantaneously.’’ Figure 1 depicts
the two possible measurement outcomes.
II. QUANTUM NONDEMOLITION ENTANGLING DEVICE

Our cat-type state will be the spatial entanglement of a
single photon with a macroscopic field. If two macroscopic
1050-2947/2000/62共1兲/012102共4兲/$15.00

fields are entangled to the single photon, then the macroscopic fields are also entangled to each other. The entangled
cat-states example will be given in terms of a quantum nondemolition 共QND兲 measurement.
Two primary devices are needed for this entanglement
process: a time-regulated source of single photons and a
QND measuring device. The requirements of the QND device are that the existence of one photon will induce a 
phase shift on another photon or group of photons 关27–32兴.
The timing requirement of the source follows from the necessity that the single photon and the macroscopic field must
be present in the QND device at the same time. For example,
in 关32兴 two fields with equal, slow group velocities interact
in a transparent, nonlinear mixture of isotopes of alkali-metal
atoms. The fields must be time-synchronized in order to obtain the appropriate interaction in the medium. The sensitivity of the QND device to a single photon is necessary for the
microscopic state of the single-photon field to entangle the
two coherent states.
The proposed macroscopic entanglement device is shown
in Fig. 2. In this figure there are three fields. The entangling
field is a single photon generated by a single-photon source
共SPS兲. The second and third fields in the right and left wings,
respectively, of the entangling device are macroscopic coherent fields generated from coherent sources 共CS兲. First, consider the portion of the figure enclosed in the dashed box.
The macroscopic coherent source is coupled into an input
spatial mode of a Mach-Zehnder interferometer. In one of the

FIG. 1. Two cats are life-entangled via the which-path uncertainty of a single photon. 共a兲 and 共b兲 depict the two possible correlated measurement outcomes.
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In describing the QND measurement, several assumptions
are made. First, it is assumed that there is no self-phase
modulation. Second, a single photon will induce a crossphase modulation of  . Third, no absorption will take place
in the device 共absorption causes a which-path measurement
in an interferometer, which reduces fringe visibility 关35兴兲.
The annihilation operator during the QND measurement
evolves as
FIG. 2. QND entanglement apparatus. The single-photon source
共SPS兲 and coherent state source 共CS兲 generate the pump and signal
fields, respectively. The which-path uncertainty of the single photon
entangles the output paths of the coherent states.

arms of the interferometer is a QND measurement device.
The QND measurement device operates on the principle of
the cross-Kerr effect: the existence of photons in one field
induces a phase shift on the other field 关33兴. Suppose the
single photon is in the 12 spatial mode of the device. Assume
a single photon induces a  phase shift and that there are
equal optical path lengths in the Mach-Zehnder interferometer. The single photon will cause the coherent field in the
Mach-Zehnder interferometer to exit the port labeled 25.
This implies that the coherent field in the left wing will exit
the 34 port, since there was no cross-phase modulation from
the single photon. Had the photon been the 13 spatial mode,
then the coherent field in the left wing would have exited the
35 port and the coherent field in the right wing would have
exited the 24 port. Until one measures the which-port information of the various fields, the fields are in an entangled
state.
We now present a more formal approach to the description of the entangling device. Of particular interest is the
evolution of the field operators through the entangling device. The evolution of these operators will determine the
measurement outcomes. Operating with the annihilation operators on a wave function consisting of coherent states has a
correspondence to photoelectric detection 关34兴 of the coherent field. The annihilation operators will be labeled â ␤␥ . The
␤ subscript labels the field. For example, the coherent field
in the right wing of the device is field 2. The ␥ subscript
labels the spatial mode of the field. For example, the annihilation operator for field 2 spatial mode 4 shown in Fig. 2 is
simply â 24 .
Consider the evolution of the coherent field in the right
wing. There are two primary operations in this device: a
lossless 50-50 beam splitter and a QND measurement. A
lossless 50-50 beam splitter has the characteristic form
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For example, after the first beam splitter, the field operators
are given by

â ␣␤ →e i  n̂ 1 ␥ a ␣␤ ,

共3兲

where n̂ 1 ␥ is the number operator, which operates on the
single-photon field. The QND measurement has the matrix
form
Q 1␥⫽
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The matrix transformation that governs the evolution of
the field operators in the right wing is given by
BQ 12B⫽

冉

1⫺e i  n̂ 12
1
2 i 共 1⫹e i  n̂ 12兲
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Likewise the transformation for the coherent field in the left
wing is

冉
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1
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Measurement devices D1, D2, D3, and D4 are placed in
the 24, 25, 34, and 35 paths, respectively. Hence, the operators of interest are â 24 , â 25 , â 34 , and â 35 . Writing these
operators in terms of â 20 , â 21 , â 30 , and â 31 , one obtains
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â 34
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â 31

.

共8兲

Before writing the wave function of the system, the
single-photon evolution is considered. The single photon
passes through a beam splitter and two QND devices. However, we are not concerned with the phase shift accumulated
by its various operations, which include the beam splitter and
QND devices. The most important fact is that the photon is
in an equal amplitude superposition of both paths after passing through the beam splitter. We care very little for the state
of the single photon besides its ability to entangle the
macroscopic states.
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III. NONLOCALLY CORRELATED FIELD
MEASUREMENTS

â 35â 24兩 ⌿ 典 ⫽

The initial non-normalized wave function for the various
fields can be written as
兩 1 典 10兩 0 典 11兩 0 典 20兩 ␣ 2 典 21兩 0 典 30兩 ␣ 3 典 31 .

共9兲

After the single photon has passed through the beam splitter
共ignoring phase shifts due to reflection兲, the wave function
can be written as
兩⌿典⫽

1

冑2

共 兩 1 典 12兩 0 典 13⫹ 兩 0 典 12兩 1 典 13) 兩 0 典 20兩 ␣ 2 典 21兩 0 典 30兩 ␣ 3 典 31 .

共10兲

Various measurement outcomes can now be explored.
Consider the â 24 operator acting on the wave function. The
outcome of this operation yields information on the probability of measuring the coherent state in the 24 path. The operation yields
â 24兩 ⌿ 典 ⫽

1

冑2

␣ 2 兩 1 典 12兩 0 典 13兩 0 典 20兩 ␣ 2 典 21兩 0 典 30兩 ␣ 3 典 31 . 共11兲

This measurement outcome shows that a 50% probability
exists of measuring coherent field in the 24 path. The 50%
probability outcome is set by the which-path uncertainty of
the single photon. The QND measurement entangled the coherent field to the single-photon field. The which-path uncertainty of the single photon is transformed into a which-path
uncertainty of the coherent field. To further demonstrate this
point, consider putting a measurement device in both the 24
and 25 paths 共detectors D1 and D2兲. Measurement yields
â 25â 24兩 ⌿ 典 ⫽0.

冑2

␣ 2 ␣ 3 兩 1 典 12兩 0 典 13兩 0 典 20兩 ␣ 2 典 21兩 0 典 30兩 ␣ 3 典 31 .
共13兲

The interpretation is that if coherent field 2 is measured in
the 24 path 共which there is a 50% probability of realizing兲,
then coherent field 3 must be in path 35. Likewise, measurement devices in the 34 and 25 paths yield
â 34â 25兩 ⌿ 典 ⫽

1

冑2

␣ 2 ␣ 3 兩 0 典 12兩 1 典 13兩 0 典 20兩 ␣ 2 典 21兩 0 典 30兩 ␣ 3 典 31 ,
共14兲

which also has a similar meaning, except that if field 2 is
measured in path 25, then field 3 must be in path 34. On the
other hand, measurement devices placed in the 34 and 24
paths or 35 and 25 paths yield
â 34â 24兩 ⌿ 典 ⫽â 35â 25兩 ⌿ 0 典 ⫽0.

共15兲

Hence, it is not possible to have fields in both the 24 and 34
paths or 25 and 35 paths. These correlations show that the
spatially separated Schrödinger cats are entangled. The life
共spatial mode兲 of one cat 共field兲 is dependent on the life
共spatial mode兲 of its correlated cat 共field兲.
Until measurement occurs, the fields are in an entangled
state which can be written as
兩⌽典⫽

1

冑2

共 兩 ␣ 2 典 24兩 ␣ 3 典 35⫹ 兩 ␣ 2 典 25兩 ␣ 3 典 34).

共16兲

This is a form more conducive to studying nonlocal correlations and is a more standard Bell-state form. Any of Bell’s
states can be realized in this entangling device by varying the
path lengths of the arms of the Mach-Zehnder interferometers and adjusting the phases of any of the output paths.

共12兲

In other words, upon measurement the coherent field is in
one of the spatial modes, with zero probability of being in
the other. There are no classical equivalents to these results.
This is a realization of a Schrödinger-cat-type state: a macroscopically distinguishable outcome. The ‘‘cat state’’
propagates down two spatial modes until a measurement is
performed, at which point the ‘‘cat state’’ collapses into one
or the other spatial mode. This is an interesting result, since
the ‘‘cat’’ can be spatially separated to arbitrarily large distances. It is not that the cat is being separated, it is that the
cat is actually in two places simultaneously with equal probability. After the spatial location of the cat is measured, its
wave function collapses to one location.
We are interested in the measurement outcomes 共correlations兲 between the left wing and the right wing as measuring
devices are placed in the appropriate paths. There are four
possible correlated measurements between the two coherent
fields. First, consider the measurement outcomes if measurement devices are placed in the 35 and 24 paths 共detectors D4
and D1兲. The operation yields

1

IV. DISCUSSION

The realization of this macroscopic entangling device depends on obtaining a  cross-phase modulation during QND
measurements. It is very difficult to obtain large modulations
for weak fields. Two approaches have significant promise for
realizing such large nonlinear phase shifts—cavity quantum
electrodynamics 关27–29兴 and electromagnetically induced
transparency 关30–32兴. As stated earlier, Lukin and Imamoğlu
关32兴 proposed  shifts at the single-photon level using a
novel EIT scheme. The idea is to use the slow phase velocities of light in a specially prepared EIT medium. The long
interaction times afforded by the slow phase velocities yield
large nonlinear cross-phase modulations.
The other device needed to realize the proposed device is
the time regulated single-photon source. So far, several
single-photon sources have been proposed 关36–39兴. In addition, a single-photon source has been experimentally realized
that holds great promise for this work 关40兴.
In any real-life QND device, absorption will occur. Absorption performs a which-path measurement and hence decreases the fringe visibility of the macroscopic fields. How-
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ever, if the characteristic absorption of the QND device is
obtained, an absorber can be placed in the other arm of the
Mach-Zehnder interferometer. If balanced absorption occurs,
then a which-path measurement does not occur 关35兴. Hence,
high fringe visibility is still realizable.
A possible method of entangling macroscopic fields has
been presented. Entangled macroscopic fields hold great
promise for several aspects of quantum optics. A clear advantage lies in the measurement of these entangled fields.
The more intense fields relax the efficiency requirements on
the detection.
This paper has discussed entangling macroscopic fields.
These techniques could also be used to entangle single photons. If single photons were used instead of coherent states, a
time-regulated source of single photons could be realized. In

most photon-photon entanglement schemes, the sources are
based on spontaneous parametric down-conversion 共SPDC兲
关41兴, which has significant time uncertainty in the pair creation. Hence, it is difficult to obtain N entangled photons.
The ideas in this proposal can be generalized to N-photon
entanglements and still be time regulated. While the experimental challenges are significant, the purpose of the paper
has been to show that entanglements of macroscopic fields or
of N single-photon fields are plausible using some of the
current ideas and results of quantum optics.

This work was supported by the National Science Foundation under Grant No. PHY-9733643.
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